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Abstract

This dissertation focuses on the development of millimetre- and submillimetre-wave receiver front-
end circuits and components. Seven scientific articles, written by the author, present this
development work. A short introduction to the technology related to the designs of the thesis
precedes the articles. The articles comprise several novel structures and techniques intended to
further improve the performance of receivers or to provide new ways for receiver circuit
implementation, summarised as follows.

1) Novel rectangular waveguide-to-CPW waveguide transition using a probe structure. The
measured insertion and return loss of an X-band (8.2—-12.4 GHz) back-to-back structure are less
than 0.5 dB and more than 17 dB, respectively, over the entire frequency band (fractional
bandwidth of > 40 %). The transition is used in a submm-wave mixer.

2) Novel rectangular waveguide-to-CPW transition using a fin-line taper. The measured insertion
and return loss of an X-band (8.2—12.4 GHz) back-to-back structure are less than 0.4 dB and more
than 16 dB, respectively, over the entire frequency band.

3) Novel tunable waveguide backshort based on a fixed waveguide short and movable dielectric
slab. The measured return loss for a W-band backshort is less than 0.21 dB (VSWR > 82) over the
entire frequency band of 75-110 GHz.

4) New coaxial bias T. The insertion loss is less than 0.5 dB at 3—16 GHz (fractional bandwidth of
137 %) and 0.1 dB at 5.2—14.1 GHz. In the latter range, the return loss is more than 30 dB. The RF
isolation is greater than 30 dB at 1-17 GHz.

5) First millimetre-wave subharmonic waveguide mixer using European quasi-vertical Schottky
diodes. The mixer utilises a single diode chip with quartz filters in a four-tuner waveguide housing.
A single-sideband noise temperature of 3500 K and conversion loss of 9.2 dB (antenna loss
included) have been measured at 215 GHz with an LO power of 3.5 mW.

6) Balanced-type fifth-harmonic submillimetre-wave mixer. It uses two planar Schottky diodes,
quartz filters, and a tuner-less in-line waveguide housing with an integrated diagonal horn antenna
and new LO transition structure. The designed RF range is 500—700 GHz enabling the use of an LO
source at 100—140 GHz. A conversion loss of about 27 dB has been measured at 650 GHz with an
LO power of 10 mW. The mixer has been in use in phase locking of a submm-wave signal source.

7) Characterisation procedure of planar Schottky diodes with extensive dc, capacitance, and wide-
band (up to 220 GHz) S-parameter measurements and parameter extraction. Parameters of a simple
diode equivalent circuit and results of extensive measurements are available for designers and diode
manufacturers for further use.

Keywords:  backshort, bias T, rectangular waveguide-to-coplanar waveguide transition,
fifth-harmonic mixer, millimetre-wave, planar Schottky diode, subharmonic mixer,
submillimetre-wave, waveguide, wide-band.
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D-plane
DSB
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coplanar waveguide
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low-noise amplifier
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Microwave Design System
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single-sideband
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Technical University of Darmstadt

waveguide flange standard

waveguide frequency band of 50-75 GHz

vector network analyser



VSWR
VTT
W-band
WR-5
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voltage standing wave ratio

Technical Research Centre of Finland

waveguide frequency band of 75-110 GHz
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Symbols

o
b
5
r

A
AV
&

n
A
Ag

o

Opi

angle of the radial stub

phase constant in the waveguide

phase constant in the waveguide section containing a dielectric slab
reflection coefficient

shift in the phase of the reflection coefficient

change in the junction voltage per decade of the current

relative permittivity, dielectric constant

ideality factor

wavelength at the centre frequency in the partly substrate-filled waveguide;
wavelength in the CPW

wavelength in the waveguide; wavelength in the CPW
conductivity

built-in potential

width of the waveguide

width of the narrowed waveguide

height of the waveguide

separation between the filter element and waveguide wall
separation between the filter element and waveguide wall
parasitic parallel capacitance

fringing field parasitic capacitance

zero-bias junction capacitance

parasitic parallel capacitance

parasitic parallel capacitance

non-linear junction capacitance

capacitance of the dc block capacitor

capacitance of the RF block capacitor

CPW ground-to-ground spacing

electric field

centre frequency

length of the soldering gap

height of the substrate

saturation current

diode current

diode current

Boltzmann’s constant

length of the dielectric slab inside the waveguide

length of the radial stub

distance from the centre of the transition probe to the ground plane of the CPW
distance from the centre of the transition probe to the end of the dielectric substrate

10



[3 distance from the transition probe to the waveguide wall

L conversion loss

Ly anode finger inductance

L, parasitic inductance

Lpsg  double-sideband conversion loss
n number of harmonics

n index number,n=1,2,3 ...

Pro  local oscillator power

q magnitude of electron charge
R, series resistance
s distance from the centre of the transition probe to the waveguide narrowing

St scattering parameter

So1 scattering parameter

t thickness of metallization; height of the guide channel
tano loss tangent

T absolute temperature

Tpsg  double-sideband noise temperature

Vir breakdown voltage

V junction voltage

Vi voltage applied to the diode

Va voltage applied to the diode

w width of the centre conductor of the CPW; width of the guide channel
Wi width of the CPW with finite ground planes

Zguw»  characteristic impedance of the high-impedance stub
Zy characteristic impedance of the CPW

Zo1 characteristic impedance of the transmission line

Zoo characteristic impedance of the transmission line

Z03 characteristic impedance of the transmission line

For clarity, also abbreviations and symbols used in the dissertation publications are listed above.
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1 Introduction

Due to increasing number of millimetre-wave and submillimetre-wave applications and due to
increasing commercial interest, receiver front-end techniques are being developed extensively. This
concerns both the development of semiconductor technology and circuits based on semiconductor
components.

Commonly at millimetre and submillimetre wavelengths (10-0.1 mm, 30-3000 GHz), the radio
frequency (RF) signal, received through an antenna, is directly mixed down to the intermediate
frequency (IF) with a mixer pumped with a phase-locked local oscillator (LO) source. Figure 1.1
shows the block diagram of a typical receiver front-end. The mixer most often operates as a
fundamental or subharmonic mixer, e.g., [1]-[16], although in some applications, harmonic mixers
are preferred. Solid-state LO sources required for the mixing process are already available for
frequencies up to 1.9 THz [17]—[22]. Furthermore, low-noise amplifiers (LNA) have already been
successfully implemented at frequencies up to 215 GHz, e.g., [23]-[29]. Thus, at millimetre
wavelengths, amplifiers have become more common as the first stage in the front-end, contrary to
Figure 1.1. This thesis work deals with a receiver front-end based on a Schottky-diode waveguide
mixer. Some results of the work can be applied well to, e.g., amplifiers and multipliers.

[P5], [P6], [P7]

Schottky diode mixers, diode characterisation

Antenna IF Amplifier

[P1], [P2],
[P3] Transitions, backshort

[P4] Bias T

Phase-locked
LO source

Figure 1.1. Block diagram of a typical millimetre- or submillimetre-wave receiver front-end
showing (marked yellow) also the spots for components or circuits (transitions, backshort,
mixers, bias T, diode characterisation), which have been developed in this thesis work, with
references to publications [P1]—[P7].
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1.1 Millimetre- and Submillimetre-wave Receiver Front-end Circuits and
Components Developed

This dissertation focuses on the development of millimetre-wave and submillimetre-wave receiver
front-end circuits and components. Seven publications, written by the author, present this
development work. A short introduction to the technology related to the designs of the thesis
precedes these publications. The publications comprise several novel structures and techniques
intended to further improve the performance of receivers or to provide new ways for receiver circuit
implementation.

Figure 1.1 also shows the spots, which this thesis work focuses on. These are referred with the
reference numbers of original publications. Furthermore, Figure 1.2, showing a tunable millimetre-
wave waveguide mixer, illustrates more clearly the development targets of the work. Although the
separate publication works are referred in context of a mixer, a part of them, [P1]-[P3] and [P7], are
applicable to other devices as well, e.g., amplifiers, oscillators, and multipliers. Thus, the thesis
work has influence in various parts of the receiver front-end. The thesis consists of designs related
to waveguide transitions in [P1] and [P2], a waveguide backshort in [P3], a bias T in [P4],
Schottky-diode mixers in [P5] and [P6], and planar diode characterisation in [P7].

The dissertation is divided into two parts: a summary and scientific articles. The first part within
Chapters 2—6 gives an introductory overview to the technology related to the designs of the thesis.
Chapter 7 summarises the work carried out in publications [P1]-[P7]. Final conclusions on the
thesis work are drawn in Chapter 8. The second part comprises the seven publications mentioned
above. This division is congruent with the instructions of Dissertation Committee of Helsinki
University of Technology. Thus, the summary contains an explanation of the research subject, the
most important results achieved by the candidate, and a list of the articles.

[P1], [P2]

Figure 1.2. Tunable millimetre-wave waveguide mixer [P5] illustrates the spots, which have been
developed in the thesis, with the original publication references [P1]—[P7]. Since this is only an
illustration, all the references are not applicable to the mixer shown.
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1.2 New Scientific Results

This thesis has produced the following new scientific results:

1Y)
2)
3)
4)
5)
6)

7)

new coplanar waveguide (CPW)-to-rectangular waveguide transition using a probe structure;
new CPW-to-rectangular waveguide transition using a fin-line taper;

new tunable waveguide backshort;

new coaxial bias T;

first millimetre-wave subharmonic waveguide mixer using quasi-vertical Schottky diodes;

balanced-type fifth-harmonic submillimetre-wave mixer using two planar single Schottky
diodes and a new LO transition structure;

characterisation of European planar Schottky diodes with dc, capacitance, and wide-band S-
parameter measurements.

This thesis work required the invention of new structures, drawing of designs, machining of some
structures, extensive simulations, construction of devices, extensive measurements, and preparation
of publications.

14



2 Rectangular Waveguide-to-Planar Transmission Line Transitions

Several different transition structures exist for coupling electromagnetic waves from a rectangular
waveguide to a planar circuit. Planar circuits can utilise microstrip lines, striplines, fin-lines, or
coplanar waveguides (CPW). Typically, microstrip line and stripline-to-waveguide transitions are
realized by bringing a probe, formed by the end of the transmission line, through an aperture in the
broad wall of the waveguide as shown in Figure 2.1 (a) [30]—[35]. This enables low-loss operation
over the entire waveguide frequency band. However, the width of the circuit cannot be made large
without special measures. The probe has typically a rectangular or radial shape. The probe substrate
can be placed in the longitudinal direction of the waveguide or perpendicular to that. Transitions in
the end of the waveguide use aperture coupling, microstrip tapering, a quasi-Yagi “antenna”, a
ridged waveguide, or an antipodal fin-line [36]—-[44]. Figure 2.1 (b), (c), and (d) show the
transitions based on the aperture coupling, quasi-Yagi ‘“antenna”, and antipodal fin-line,
respectively.

Waveguide-to-CPW transitions often use similar techniques (Figure 2.2), probes through the
waveguide broad wall [29], [45]-[47], coupled patches [48], and ridged waveguides [49]-[52].

The transition in Figure 2.2 (c) [49] uses a ridge, which converts smoothly to the centre conductor
of a CPW. The measurements of a back-to-back X-band structure (8.2—12.4 GHz) demonstrate an
insertion loss of less than 1 dB. The return loss is more than 18 dB at 7.5-11.5 GHz. For a Ka-band
(26.5-40 GHz) back-to-back structure the insertion and return loss are less than 1.5 dB and more
than 14 dB, respectively. Figure 2.2 (d) shows a different way to use the ridge [50]. In this
transition, the end of a cosine-tapered ridge is connected to the end of the centre conductor of a

Waveguide Fixed short or Aperture ,
\ sliding backshort /

\ Probe

N~

N | ) o Substrate
=" Microstrip line

(@) (b)

Patch

Microstrip line

/ Ground plane Antipodal fin-line Ground plane
; %N

b N NN
,, R A

~ Microstrip line ~ Microstrip line

(© (d)

Figure 2.1. Rectangular waveguide-to-microstrip line transitions based on (a) a probe [32], (b)
aperture coupling and a patch [40], (c) a quasi-Yagi antenna [42], and (d) an antipodal fin-line
[43].
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Waveguide 7 Fixed short or Patch
\ backshort / Via
\ Probe \

%

(a) (b)

= i~
CPW CPW

CPW

End view

| Ridge
Waveguide Waveguide

CPW

L /

(c) (d)

Ridge

Figure 2.2. Rectangular waveguide-to-CPW transitions based on (a) a probe [45], (b) coupled
patches [48], and (c), (d) ridged waveguides [49], [50].

CPW providing a smooth transition with wide-band operation. For a K-band (18-26.5 GHz) back-
to-back transition (CPW substrate with a relative permittivity €, = 2.2) an insertion and a return loss
of less than 2 dB and more than 11 dB, respectively, have been measured. A similar type of
transition in [51] uses a microstrip line between the ridge waveguide and a conductor-backed CPW.
Instead of a smooth ridge taper, a gradual taper with A/4-long sections is applied. The microstrip
line and conductor-backed CPW are made on a silicon membrane to minimise the dielectric loss.
The simulated insertion and return loss for a single transition are less than 0.3 dB and more than 15
dB, respectively, at a frequency range of 27.5-30 GHz. A gradual ridge has also been used in [52]
to construct a V-band (50-75 GHz) wafer probe. The ridge waveguide converts to a ridge-through
waveguide, which is then connected to the CPW. The ridge-through waveguide suppresses the
coupled slotline mode. The measurements of a single V-band probe with an alumina CPW show an
insertion and return loss of less than 4 dB and more than 10.7 dB, respectively. Although these
ridge-based transitions offer a wide-band operation, their fabrication due to mechanical complexity
becomes very difficult or even impossible when approaching submillimetre wave frequencies.

In addition to the ridged waveguide-based designs, there exist other transitions (Figure 2.3) aligned
in the longitudinal direction of the waveguide enabling easier construction [53]—[57]. Figure 2.3 (a)
shows a transition, which utilises a slotline probe to couple the TE;y waveguide mode to a slotline
mode [53]. The probe is followed by a quarter-wave slotline transformer and by a slotline-to-CPW
transition based on a CPW short stub and air bridges. The unilateral circuit is placed in the centre of
the waveguide E-plane. Measurements of a back-to-back transition structure (substrate with €, =
2.2) at X-band show an insertion and a return loss of less than 0.75 dB and more than 14 dB,
respectively, over a bandwidth of 40 %. The slotline probe is also used in [54] for a transition to a
conductor-backed CPW. The transition has a slotline-to-CPW transition different from the one in
[53] using also a multi-section slotline. Vias are applied to suppress the coupled slotline and parallel
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plate mode. The simulated return loss for a back-to-back transition (alumina substrate with €, = 9.8)
at the V-band is more than 15 dB over a bandwidth of 29 %.

Figure 2.3 (b) shows a quasi-Yagi “antenna”-based waveguide-to-CPW transition [55]. A trenched
metal block, which works as a reflector, is used to create a CPW channel. For a coplanar strips
(CPS)-to-CPW transition air bridges are required. The measured return loss of a back-to-back
structure (substrate with €, = 10.2) at X-band is more than 10 dB over a bandwidth of 33 %. Proper
operation of the quasi-Yagi “antenna” requires a high-permittivity substrate.

Figure 2.3 (c) illustrates a transition, which uses a unilateral fin-line taper and CPS-to-CPW
transition [56]. A disadvantage is that the air bridge required has to be placed precisely in a proper
angle. A prototype back-to-back structure (substrate with €, = 2.22) has been measured at the W-
band. Due to the structure, resonances occur in the waveguide frequency band. The measured
minimum insertion loss is 2 dB.

Good performance over a wide band can be obtained with a transition in Figure 2.3 (d) [57]. The
transition from the waveguide to the CPW is accomplished through a microstrip line. With an
antipodal fin-line the TE;y mode converts first to the microstrip line mode and then with a smooth
two-sided taper to the CPW mode. The measurements of a Ka-band back-to-back structure
(substrate with €, = 2.22) give an insertion and a return loss of less than 2.3 dB and more than 9 dB
over a frequency range of 28—40 GHz. Due to the tapers the transition is relatively long and it
requires two-sided fabrication.

In this thesis, two new waveguide-to-CPW transitions aligned in the longitudinal direction of the
waveguide have been designed in [P1] and [P2]. The first one [P1] uses a rectangular probe (Figure
2.4) perpendicular to the waveguide axis. The second one [P2] is based on the use of a fin-line taper
and slotline radial stub (Figure 2.5). The designs have been tested with X-band (8.2—-12.4 GHz)
back-to-back transitions. The measurements have shown the transitions to be low-loss over the full
waveguide frequency band. The measured insertion and return loss for the transition in Figure 2.4
(substrate with €, = 2.33) are less than 0.5 dB and more than 17 dB (over a 40-% bandwidth),
respectively. The transition in Figure 2.5 has been tested with two different substrates (&, = 2.33 and
10.8). An insertion and return loss of less than 0.4 dB and more than 16 dB (over a 40-%
bandwidth), respectively, are measured for the low-permittivity substrate. Values for the high-
permittivity material are less than 1.0 dB and more than 10 dB, respectively, at 8.2—12 GHz (over a
36-% bandwidth). The transition design in [P1] has also been used successfully in the LO transition
(90-140 GHz) of a submillimetre-wave mixer [P6]. These transitions provide a practical and
reliable alternative for millimetre-wave applications. The simple design, unilateral circuit structure,
easy fabrication and suitability for different materials make these convenient for integration of
MMIC designs with waveguide systems. Both designs work without air bridges if a proper
waveguide housing is used.

Properties of different rectangular waveguide-to-CPW transitions aligned in the longitudinal
direction of the waveguide are summarised in Table 2.1.
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(a) a top view and (b) an overview. An alternative waveguide housing is also shown in [P1].
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Table 2.1. Properties of different rectangular waveguide-to-CPW transitions aligned in the
longitudinal direction of the waveguide.

Transition

Advantages

Disadvantages

[49], Fig. 2.2 (c), based on a
smooth ridge

Wide-band, smooth
transition, moderate loss

Mechanically complex, fabrication very
difficult at higher millimetre wave
frequencies, grounded centre conductor

[50], Fig. 2.2 (d), based on a
smooth ridge

Wide-band, smooth transition,
moderate loss, simple design

Fabrication difficult at higher millimetre wave
frequencies, grounded centre conductor

[51], based on a gradual ridge

Easier fabrication than in [53]
and [54], low-loss

Narrower bandwidth than in [53] and [54],
fabrication difficult at higher millimetre wave
frequencies, grounded centre conductor

[52], based on a gradual ridge

Wide-band, moderate loss

Mechanically complex, fabrication difficult at
higher millimetre wave frequencies

[53], Fig. 2.3 (a), based on a
slotline probe

Wide-band, low-loss, easy
fabrication

Air bridges, grounded centre conductor

[54], based on a slotline probe

Low-loss, easy fabrication

Moderate bandwidth, vias required

[55], Fig. 2.3 (b), based on a
quasi-Yagi “antenna”

Wide-band, low-loss, easy
fabrication

High-permittivity substrate, air bridges,
design complicated

[56], Fig. 2.3 (c), based on a
fin-line taper

Easy fabrication

Narrow-band, resonance problems, air
bridges, grounded centre conductor

[571, Fig. 2.3 (d), based on
antipodal fin-lines

Wide-band, smooth transition,
easy fabrication

Moderate loss, two-sided fabrication,
grounded centre conductor, design
complicated

[P1], Fig. 2.4, based on a
rectangular probe

Wide-band, low-loss, easy
fabrication, simple design

Air bridges required depending on a
waveguide housing in use

[P2], Fig. 2.5, based on a fin-
line taper

Wide-band, low-loss, easy
fabrication, simple design

Grounded centre conductor
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3  Waveguide Backshorts

In tuning of a waveguide-based device, like oscillators, very wide-band multipliers, and harmonic
mixers, movable backshorts are used. A backshort, i.e., an adjustable short circuit, which produces a
variable reactive load, adjusts the device input or output impedance. For moving the backshort a
micrometer drive is often used. In an ideal case, the backshort reflects all the incident power (zero
return loss and infinite voltage standing wave ratio, VSWR) and varies the phase of the reflected
wave by a desired amount. In practice, a good backshort has a return loss of less than 0.3 dB, i.e.,
VSWR > 58. Further, if the backshort is not working properly it might produce abrupt changes in
the phase.

Tunable backshorts can be divided into contacting and noncontacting ones. The contacting ones
have a galvanic contact with the waveguide whereas this is advisedly prevented in case of the
noncontacting ones. Figure 3.1 introduces some backshort designs. Figure 3.1 (a) shows a simple
contacting backshort: a block or plunger, which slides in the waveguide [58]. The problem with this
structure is the erratic contact, which causes the deviation of the electrical short-circuit position and,
thus, phase instability of the reflected wave. Also, some power can leak over the backshort. These
matters get worse in heavy use due to wear of the surfaces of the block and waveguide. Further, the
implementation of a snug fit to the waveguide becomes very difficult at millimetre wavelengths. To
obtain a firm contact with the waveguide walls, a cam-based backshort design can be used as
presented in [59]. However, this structure is not suitable for millimetre waves.

The performance of the design in Figure 3.1 (a) is improved with the backshort in Figure 3.1 (b),
which uses a two-section quarter-wave transformer [58]. The transformer lowers the impedance of
the plunger in proportion to the square of the ratio of gaps b, and b, and, thus, increases the VSWR
by (bylby)*. Unfortunately, due to the quarter-wave sections the structure becomes frequency-
dependent. The bandwidth can be increased by using more sections and by using sections of
different lengths. At second harmonic frequencies when the transformer sections are close to half-
wavelength long, the VSWR decreases significantly which might cause additional losses in
multipliers and mixers.

Figures 3.1 (c)—(e) show spring-type (loop- or finger-type springs) backshorts better suitable for
smaller waveguides [59], [60]. However, it is difficult to create a uniform contact at submillimetre
wavelengths when the waveguide dimensions are fractions of a millimetre. Also, the degradation of
contacting areas due to sliding friction still exists which may lead to unreliable operation.
Furthermore, one has to take into account the oxidation in material selection (gold coating mostly
preferred). When working properly these backshorts provide a short circuit over the entire
waveguide frequency band. As a function of frequency they have a small phase variation since the
electrical short circuit plane is not in the end of the backshort.

Figure 3.1 (f) presents a noncontacting backshort [61], which uses a similar approach as the one in
Figure 3.1 (b). The backshort works as a bandstop filter consisting of several low- and high-
impedance sections insulated from the waveguide with a dielectric film. The use of the film,
typically Mylar® tape, permits smooth sliding within the waveguide with negligible wear. The
absence of electrical contact brings better repeatability compared to the contacting backshorts. The
length of the sections can be designed to differ from quarter wavelength (typically A,/8—A./4, where
A, is the wavelength in the waveguide) to improve the performance at second harmonic frequencies.
For Chebyshev and empirical designs a VSWR of 60-90 (return loss of 0.2—0.3 dB) was measured
at a frequency range of 75-116 GHz. Reference [62] presents a similar design with a
photolithography-based fabrication process. Dumbbell-type backshorts of Figure 3.1 (g) have been
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applied as well [59], [63], and [64]. In [64], a Ku-band scale model has been used to design a seven-
section dumbbell-type backshort for 170-260 GHz. Reference [64] also discusses in-band
resonances with noncontacting backshorts having a rectangular or circular cross-section. The
resonances are due to undesired modes excited with misaligned plungers. It is shown that the
backshort plungers with circular cross-sections are much less prone to the in-band resonances.

When approaching submillimetre wavelengths the high-impedance sections become too thin to be
fabricated easily and to be mechanically strong enough for tight sliding in the waveguide. To
overcome this, a structure with high-impedance sections made of circular or rectangular holes as
shown in Figure 3.1 (h) has been designed [60], [65], [66]. The holes can be fabricated more easily
(e.g., using photolithography) and, by using holes, a higher impedance ratio is achieved. With
rectangular holes a return loss of less than 0.3 dB (VSWR > 58) over a 30 % bandwidth has been
measured at the W-band (75-110 GHz, 38 % bandwidth). Although now the fabrication of the
metal bar structure is easier, placing of the thin dielectric tape into a small waveguide is
challenging. Instead of using a tape, dielectric layer could be, e.g., sputtered or evaporated on the
metal [66], [67]. In [67] a SiO, layer is evaporated on the backshort structure similar to the one in
Figure 3.1 (f). A VSWR of 96 has been measured at 345 GHz.

Figure 3.1 (i) shows a planar backshort which can be fabricated using photolithography [68]. This
enables fabrication at submillimetre wavelengths. It is based on a thin metal strip, which has
alternating impedance sections, as in the backshorts above, placed in the center of the waveguide E-
plane. The backshort has been tested at the Ku-band (12.4-18 GHz). The measured return loss is
less than 0.1 dB (VSWR > 173). The measured phase variation is about 8° over the frequency band.
This structure should be aligned accurately in the waveguide in order to maintain the bandwidth.

In the thesis [P3], a new tunable millimetre and submillimetre-wave noncontacting waveguide
backshort is designed and tested. Figure 3.2 illustrates the design. It is based on a fixed waveguide
short and movable dielectric slab, which is used to adjust the effective phase constant of the wave in
a waveguide section. The structure offers a simple design and fabrication. The simplicity makes it
also reliable and low-loss. This design is not sensitive to alignment errors. Furthermore, the in-band
resonances, which are possible with the noncontacting backshorts as discussed above are avoided in
this structure by using a thin quartz slab and narrow guide channel. In this way, only small
alignment errors are possible. Measurements of a W-band backshort show a return loss of less than
0.21 dB (VSWR > 82) over the entire waveguide frequency band. This backshort gives most
accurate adjustment. For example, at 92.5 GHz (centre frequency of the W-band) a 10-um tuning
distance corresponds to a 1.7° shift in the phase of the reflected wave in case of the other backshorts
(Figure 3.1) whereas in the case of the tested new backshort this corresponds to a phase-shift of
about 0.37°. This means an almost 4.6 times more accurate tuning capability at this frequency. This
is a great advantage for submillimetre-wave applications. A disadvantage, which may limit the use
in some applications, is a large and slightly nonlinear phase variation as a function of frequency.
For a tuning distance corresponding to a 360° shift in the phase at 92.5 GHz the phase variation
over the frequency band is close to 1080°.

Table 3.1 summarises properties of different backshorts.
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Table 3.1. Properties of different backshort designs discussed above.

Backshort

Advantages

Disadvantages

Contacting, Fig. 3.1 (a)

Frequency independent

Non-repeatability, phase instability, wear,
risk of power leakage, fabrication difficult at
millimetre wavelengths

Contacting, Fig. 3.1 (b)

More reliable than (a), better phase
stability

Frequency dependence, wear, fabrication
difficult at submillimetre wavelengths

Contacting, Fig. 3.1 (¢)—(e)

Frequency independent, better
contact than in (a) and (b)

Unreliable, phase instability, wear,
fabrication difficult at higher frequencies,
risk of power leakage

Noncontacting, Fig. 3.1 (f)

Repeatable performance, no risk of
wear

Complicated design, fabrication difficult at
submillimetre wavelengths, sensitive for
alignment

Noncontacting, Fig. 3.1 (g)

Repeatable performance, no risk of
wear

Complicated design, fabrication difficult at
millimetre wavelengths

Noncontacting, Fig. 3.1 (h)

Repeatable performance, no risk of
wear

Complicated design, fabrication difficult at
submillimetre wavelengths but easier than
that of (f), sensitive for alignment

Noncontacting, Fig. 3.1 (i)

Low-loss, reliable, easier fabrication,
no risk of wear, suitable for
submillimetre wavelengths

Complicated design, sensitive for alignment

Noncontacting, Fig. 3.2

Low-loss, reliable, no risk of wear,
easy design, easy fabrication,
suitable for submillimetre
wavelengths, most accurate tuning,
no risk of in-band resonances

Large and slightly nonlinear phase variation
as a function of frequency
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4 Bias T — Coupling of Bias to RF Circuit

Devices based on semiconductor components often require dc voltage and for that a biasing
network which has a negligible effect on the RF performance of a device. For instance in mixers, a
low-loss and wide-band structure is preferred in separating the dc bias and IF signal. The biasing
network, bias T, can be either an integrated part of the device or a stand-alone component.
Basically, it is a diplexer formed by a low-pass and high-pass filter (Figure 4.1).

Some bias circuits are discussed as follows. In [69], a bias circuit has been designed to be an
integrated part of a millimetre-wave Schottky diode mixer. An alumina-based microstrip line circuit
with discrete elements provides both the IF match and dc bias separation. The dc bias is connected
through a low-pass filter to the middle of an open-circuited A/2 stub, which is a part of the IF
matching circuit. In this way, the dc bias connection does not affect the IF bandwidth. Integration
has also been applied in [70] in a coaxial line structure. The dc bias is coupled through a shorted (at
the IF frequency) A/4 stub. The matching circuit has an IF VSWR of less than 1.2 (return loss >
20.8 dB) at 1.2-1.8 GHz (bandwidth of 40 %). In [71], the dc bias is applied to a mixer diode
through a hybrid IF matching circuit consisting of capacitors and inductors. The circuit has been
empirically adjusted for a minimum insertion loss of less than 0.5 dB with an IF bandwidth of 45
%. References [72] and [73] present stand-alone bias T designs based on discrete components and a
microstrip line. In these designs, a wide bandwidth has been achieved with a proper design of the
low-pass section. In [72], commercially available capacitors and a self-made inductor (copper wire
with a 50-um diameter) have been used on an alumina substrate. The measured insertion loss is less
than 2.5 dB up to 20 GHz and less than 0.5 dB at 0.5-7.5 GHz. At the latter frequency range, the
return loss is more than 20 dB. In [73], a micromachined inductor is used with commercial
capacitors. The measured insertion and return loss are less than 1 dB and more than 15 dB,
respectively, at 3—10 GHz. A more sophisticated structure with a band-pass filter (Figure 4.2) has
been used in [74]. The sections of the band-pass filter effectively lower the external system
impedance near the high-impedance stub. This reduces the shunting effect of the stub enabling a
wide-band performance. With this design method a stripline and microstrip line-based bias T have
been constructed for frequency ranges of 2—18 GHz and 4.5-45.5 GHz, respectively. For the
stripline bias T with a six-element Chebyshev design a return loss of more than 13.5 dB at 2-18
GHz has been measured. The insertion loss increases from 0.4 dB at 2 GHz to 1.4 dB at 18 GHz. In
the case of the 4.5-45.5-GHz microstrip line bias T, the insertion and return loss are less than 1 dB
and more than 15 dB, respectively, up to 26 GHz. Above 26 GHz the values are less than 1.5 dB
and more than 10 dB, respectively. Measurements have been carried out up to 40 GHz. One of the
best commercially available bias tees is a Picosecond Pulse Labs bias tee, model 5542 [75]. It has a
3-dB bandwidth from 10 kHz to 50 GHz. At 1-20 GHz, the insertion and return loss are less than
0.8 dB and more than 15 dB, respectively.

Within this thesis work [P4], a coaxial line-based bias T has been realised by using the design
adopted from [74]. It has been designed for higher IF frequencies, around 10 GHz. Figure 4.3 shows
one half of the bias T. It has two 45-Q coaxial lines as band-pass filter sections, which was found to
give adequate frequency coverage in this case. Unlike in [74], here the dc block capacitor is placed
in the first element of the band-pass filter. The bias T has been tested at 1-17 GHz. The use of the
coaxial line structure has provided a very low-loss, wide-band operation with a high return loss. The
insertion loss is less than 0.5 dB at 3—16 GHz (fractional bandwidth of 137 %). The return loss is
more than 20 dB from 4.2 to 15 GHz and more than 30 dB from 5.2 to 14.1 GHz. At the latter
range, the insertion loss is about 0.1 dB. The measured RF isolation is more than 30 dB over the
whole measurement frequency band. When comparing the results to those (insertion loss of 0.5 dB
and return loss of 20 dB at best) of the bias circuits discussed above, the insertion loss is extremely

24



low and the return loss is very high. This bias T can also be designed to provide a proper IF match
as an integrated structure.

dc

Low-pass
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®
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Figure 4.1. Equivalent circuit of a simple bias T.
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Figure 4.2. Wide-band bias T structure with six transmission line sections [74]: (a) stripline or
microstrip line structure, (b) equivalent circuit (lines and stub A/4 in length).
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Figure 4.3. Coaxial line bias T [P4]: (a) cross-section, (b) blow-up of the RF block, (c) blow-up of
the dc block and T-junction.

25



5 Schottky Diode Waveguide Mixers

As mentioned earlier, the mixer is often the first element in a millimetre- or submillimetre-wave
receiver. Furthermore, the most common mixing element is a GaAs-Schottky diode. Main reasons
are its ability to provide efficient performance also at room temperature, easy usage, and a well-
controlled GaAs fabrication process. GaAs diodes suitable for terahertz applications are already
commercially available [76]. For reliability planar diode chips are currently preferred over the
whisker-contacted ones. They have also produced comparable mixing performance. This thesis
includes the design and construction of two different Schottky diode mixers.

In the mixers constructed, discrete diode chips have been used. The chips have been attached to
quartz circuits by flip-chip soldering. For one mixer single-diode chips were soldered in parallel
whereas in the other mixer an anti-parallel pair was used. The soldering process had a major role in
constructing the mixers. The thesis shows that soldering can be used for constructing efficient
mixers. However, there is a tendency toward integration techniques [5], [6], [77]-[80] which
eliminates the soldering process and, thus, provides easier, faster, and more reliable construction.
Fabrication technologies of the mixer waveguide housing are also being improved for a cheaper and
easier direction, e.g., [3], [81].

5.1 Subharmonic Waveguide Mixer at 215 GHz

Subharmonic waveguide mixers using planar Schottky diodes and operating near 200 GHz are
presented in [6], [9]—[13], and [15]. Table 5.1 summarises the best results obtained in these. The
lowest double-sideband noise temperature (Tpsp) of 490 K has been achieved with an integrated
structure at 240 GHz [6]. An integrated structure has also provided the lowest double-sideband
conversion loss (Lpsg) of 4.7 dB [9]. The integrated structures use a so-called quartz-substrate
upside-down integrated device (QUID) process, which removes the need for diode flip-chip
soldering. In [10], by using multiple layers, the biasing of the anti-parallel diode pair has been
enabled. All the mixers using discrete diode chips apply a single GaAs chip with a pair of anti-
parallel Schottky diodes. The mixers apply a rectangular waveguide mount with quartz filters.
Furhermore, they (except [11], information not available) use a four-tuner waveguide structure.

In this thesis work, a subharmonic waveguide mixer at 215 GHz [P5], has been designed within an
international ESA project [82], [83] as a study of possibilities of future millimetre- and
submillimetre-wave receivers (both open-structure and waveguide types) based on European
Schottky diodes. The main goal was to develop European single and anti-parallel Schottky planar
diode chips. The diode development work has been carried out at Technical University of
Darmstadt (TUD). These chips have a special quasi-vertical structure [84], [85] which was designed
to combine the benefits of earlier planar and whisker diode chip structures. During the design of the
subharmonic mixer, based on a chip with an anti-parallel pair of diodes (APD), the diode chip
fabrication process was in a strong development phase. Especially, yield and uniformity of the
process was not good at the time. This produced additional difficulties to the mixer construction.
However when compared to other subharmonic waveguide mixers operating at the same frequency
range (Table 5.1) very satisfactory results were obtained. The noise temperature (3500 K, single-
sideband) is about 3.6 times higher than the lowest one (490 K, double-sideband). However, the
conversion loss (9.2 dB, single-sideband) is comparable to the other ones reported. Also the LO
power consumption is similar. The non-uniformity also caused that instead of a two-tuner structure
(planned in the early project phase) a four-tuner one [86] was selected for efficient match of the
APD chip. This was the first time these diodes were applied in a mixer. The work produced
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valuable information on the use of this type of diodes for mixer applications. Especially, it showed
that these diodes are usable for millimetre- and submillimetre-wave mixers with further
improvement of the diodes. Since then the structure of the diode chip and its fabrication process
have been further developed by TUD [84], [87], [P7].

Table 5.1. Performance of subharmonic waveguide mixers using planar Schottky diodes and
operating near 200 GHz: double-sideband noise temperature Tpsp double-sideband conversion loss
LDSB; LO power PLO-

Mixer RF TDSB LD SB PLO Other
[GHz]  [K] [dB]  [mW]

[6] 240 490 - 3 integrated structure, 2-GHz IF

[9] 200 600 4.7 30 integrated structure, 1.5-GHz IF, high LO power requirement due to
resonance problem

[9] 205 700 5 8 integrated structure, 1.5-GHz IF

[10] 210 1420 7.6 6.4 integrated structure, biasable diode pair, unbiased diodes
[10] 210 1640 8.4 3.2 integrated structure, biasable diode pair, biased diodes

[11] 225 900 6.2 1.5 integrated structure

[12] 200 500 6.6 3 discrete diode chip

[13] 230 1900° 9.5 - discrete diode chip, 1.5-GHz IF
[15] 205 1590° 8.7 5.7 discrete diode chip, 1.4-GHz IF
[15] 205 1990° 9.3 3 discrete diode chip, 1.4-GHz IF
[P5] 215 3500 927 3.5  discrete diode chip, 1-GHz IF

* for SSB values

5.2 Harmonic Waveguide Mixer

Harmonic mixers are useful devices for measurement instrumentations, e.g., for spectrum analyzers
or phase-locking systems. Often in these application, the conversion loss is not critical but other
properties like usability, compactness, and wide bandwidth are more important.

A quasi-optical harmonic mixer in [88] uses a corner cube antenna, Schottky diode, and LO
waveguide structure. A conversion loss of 40 dB has been achieved at 604.3 GHz for a 6th-
harmonic mixing with an LO (~100 GHz) power of 7.2 mW. By using a 25th-harmonic mixing at
2523 GHz, 7 dB signal-to-noise ratio has been measured with an LO (100.9 GHz) power of 9 mW.
In [89], a Sth-harmonic mixer at 77 GHz is presented for a phase-locking system. It applies a flip-
chip-mounted planar double-diode silicon Schottky diode chip in an alumina microstrip line circuit.
The measured conversion loss is 22 dB with a 10-mW LO power and an IF of 1 GHz. By utilising
the silicon technology and a double-diode chip in a CPW structure, a conversion loss of 23 dB has
been obtained for an 8th-harmonic mixer at 38 GHz with an LO frequency of 4.6 GHz and power of
100 mW [90]. A different quasi-optical approach is applied in [91] where an anti-parallel GaAs
diode chip is used with a log-periodic antenna and silicon lens. The mixer operates over a wide
frequency range of 30—140 GHz using even harmonic mixing products. The conversion loss is 9.2
dB at 34 GHz and 35 dB at 140 GHz with an IF of 1.4 GHz. The required LO power is 30—-80 mW.
With the 4th harmonic of the LO the conversion loss is 15-19 dB at 35-60 GHz and with the 6th
harmonic it is 21-29 dB at 55-100 GHz. A monolithic 4th-harmonic mixer based on GaAs PHEMT
diodes is presented in [92]. By using also PHEMT amplifier stages, a conversion gain of 0.8 dB has
been achieved at an LO frequency of 14.5 GHz (12-dBm LO power) and an RF of 60.4 GHz.
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Within this thesis work, a Sth-harmonic waveguide mixer has been designed for a frequency range
of 500-700 GHz [P6]. It is used for submillimetre-wave test equipment of a hologram-based
compact antenna test range [93], [94]. It has been in use in phase locking of a backward wave
oscillator operating around 650 GHz. Unlike the subharmonic mixer discussed earlier, this mixer
does not include any tuners and, instead of one diode chip, it uses two planar single-diode chips
(chips from Virginia Diodes Inc.) in a balanced type configuration on a quartz filter. It also has an
integrated diagonal horn antenna for the RF feed. Without tuners and with an LO port access for an
InP Gunn oscillator operating at 100—140 GHz it enables an easy usage in antenna test facilities.
This is the first time when the balanced type configuration has been used in a harmonic mixer
operating at these frequencies. The RF signal sees the diodes in series whereas the LO signal in
parallel. In the case of identical diodes and a proper circuit design, even harmonics and mixing
products due to even harmonics of the LO do not exist as the CPW mode. However, they can
propagate toward waveguide as the TE;p mode or as a slotline mode toward the microstrip channel.
In the mixer design, the cut-off frequency of the waveguide is 440 GHz. Thus, at frequencies below
that the waveguide gives reactive termination. The height of the microstrip channel is 100 pm,
which prevents the slotline mode propagation to that direction. The imbalance of the configuration,
i.e., a measured open circuit voltage on the IF terminal, is 30-90 mV with an LO power level of
2—-10 dBm, respectively, at 130 GHz. Harmonic mixers with similar properties are not readily
available. The measured conversion loss of less than 30 dB is low for this type of a mixer.
Commercially available harmonic mixers at these frequencies [95], enabling the use of an LO
waveguide source at close to 100 GHz, have a quasi-optical structure. For these mixers the
conversion loss is 45-50 dB. Table 5.2 summarises the results of different harmonic mixers. By
comparing the results, the performance of the Sth-harmonic mixer designed within this thesis work
can be considered to be very good.

Table 5.2. Performance of harmonic mixers using Schottky diodes: conversion loss L, LO harmonic
number n, LO power Ppo.

Mixer RF L n Pio Other
[GHz] [dB] [mW]
[88] 604.3 40 6 7.2 quasi-optical, whisker-contacted diode
[88] 2523 - 25 9 quasi-optical, whisker-contacted diode, 7-dB signal-to-noise ratio
[89] 77 22 5 10 planar double-diode silicon chip, alumina microstrip line circuit
[90] 38 23 8 100 planar double-diode silicon chip, silicon CPW circuit
[91] 30-140 8-35 24,6, 30-80 quasi-optical, planar double-diode GaAs chip
8,10
[91] 35-60 15-19 4 - quasi-optical, planar double-diode GaAs chip
[91] 55-100  21-29 6 - quasi-optical, planar double-diode GaAs chip
[92] 60.4 -0.8 4 15.8 monolithic GaAs circuit, PHEMT diodes and amplifiers
[95] 600-800 45-50 8,9 10 quasi-optical, whisker-contacted diode
[P6] 650 27 5 10 waveguide, integrated antenna, two planar single-diode chips
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6  Schottky Diode Characterisation Through Measurements

The construction of high-efficiency millimetre- and submillimetre-wave devices requires that the
circuit design relies on valid component models. The parameters of the models are extracted
experimentally by measurements or theoretically by calculations and simulations. One of the best
examples of a thorough characterisation of a planar Schottky diode chip is based on dc
measurements and extensive electromagnetic structure simulations [96]. In this characterisation
procedure, values for dc parameters are extracted from measurements and values for parasitic
elements of the diode equivalent circuit are extracted from the results of electromagnetic structure
simulations at 555-615 GHz with a circuit simulator.

Some measurement-based characterisations in a planar transmission line environment are presented
in [97]-[101]. Coaxial line and waveguide measurement structures have also been used. However,
the simplicity of planar transmission line test mounts makes them more desirable. In [97], a two-
port microstrip line test mount is used with a TRL (thru-reflect-line) calibration method. Both small
and large signal measurements are carried out. The small signal measurements at 0.6—4.2 GHz are
done at eight bias points. After this, a circuit simulator is used to extract diode parameter values
from the measurement results. On the contrary in [98], a one-port microstrip line mount has been
applied. The reflection coefficient has been measured at six bias points (from -5 to 0 V) at 0.5-1.5
GHz. In [99], a large signal model for a Schottky varactor, accurately valid up to 40 GHz, is created
through CPW on-wafer measurements. Varactors are measured at 40 different bias points from —8
V to 0.5 V in a two-port microstrip line mount with CPW probe pads. Values of the model are
found by fitting the response of the model to the measured data. Reference [100] presents a method
for measuring the resistance and capacitance of a diode in a two-port microstrip line test fixture. A
vacuum pump holds down the diode providing a non-destructive measurement. Measurements have
been carried out up to 20 GHz. Dc and single-frequency S-parameter measurements are applied in
[101] for extraction of the diode parameter values. In [102], diodes are characterised with a one-port
S-parameter measurement up to 62.5 GHz. The measurement set-up comprises just a network
analyzer with CPW probes and a specific diode test structure suitable for contacting with the CPW
probe.

This thesis presents a characterisation procedure based on dc, capacitance, and wide-band S-
parameter measurements [P7]. The idea is to provide designers with wide-band (up to 220 GHz) S-
parameter data in addition to parameter values of a simple equivalent circuit, which also includes
the junction capacitance and parasitic capacitance. The S-parameter data can then be used to extract
a more detailed equivalent circuit. This data is measured for diode chips mounted in a CPW
environment. In the first measurements single-diode chips, varactors and mixer diodes, of TUD
have been used. The measurements have been carried out at different frequency ranges on the chips,
which are flip-soldered on quartz CPW test beds. Calibration is done with TRL elements fabricated
on the same substrate. First characterisation measurements have been successfully carried out. The
results have been analysed to make conclusions of the diode quality.
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7 Summary of Publications

Publication [P1] describes the design, construction, and measurement of a new wide-band coplanar
waveguide-to-rectangular waveguide transition. It uses a rectangular probe to couple the energy
from the waveguide TE p mode to the CPW mode. Due to a unilateral and an in-line structure, the
fabrication of the CPW circuit and waveguide block is easy. The transition has been validated
through designing and testing of an X-band (8.2-12.4 GHz) model. For a back-to-back double
transition, the measured return loss is more than 17 dB and the insertion loss is less than 0.5 dB
over the whole X-band. The measured insertion loss value indicates a loss of less than 0.15 dB for a
single transition. The results agree well with the simulated ones obtained with an electromagnetic
structure simulator. A transition based on this design is used for a local oscillator feed of a
submillimetre-wave harmonic mixer [P6]. This transition has been designed for the F-band (90-140
GHz) with a full frequency band coverage. Having a simple structure to design and fabricate, the
new transition is a good, practical, and reliable alternative for millimetre-wave applications. It is
characterised by wide-band operation, low insertion loss, and high return loss. Both low- and high-
permittivity materials can be applied with this transition.

Publication [P2] introduces a new CPW-to-rectangular waveguide transition using a fin-line taper.
Like the transition above this has a uniplanar and an in-line structure enabling easy construction. It
applies a fin-line taper to convert the waveguide TE;yp mode to the fin-line mode and a slotline
radial stub in the fin-line-to-CPW transition. X-band transitions with a low- and high-permittivity
material (¢, = 2.33 and 10.8, respectively) have been designed, constructed, and measured. Both
transitions work well. The measured insertion losses for back-to-back transitions are less than 0.4
dB and 1.0 dB, respectively. These indicate losses of less than 0.14 dB and 0.36 dB, respectively, at
the centre frequency for a single transition. This design provides another good alternative for
millimetre-wave applications. The applications might differ between this one and the previous since
in this transition the CPW centre conductor is grounded.

Publication [P3] presents the design, construction, and measurement of a new tunable millimetre-
and submillimetre-wave waveguide backshort. It is a noncontacting type of backshort based on a
fixed waveguide short and movable dielectric slab. The slab is moved in the waveguide, through a
hole in the fixed waveguide end, in order to tune the effective phase constant of a wave in a
waveguide section. The designed backshort has following advantages: simple design, simple
fabrication, easy and accurate tuning, low losses, insensitivity for alignment errors, high reliability,
and readiness for scaling. These properties make it suitable for millimetre- and submillimetre-wave
applications. The validity of the novel design was demonstrated by designing and testing a W-band
(75-110 GHz) backshort. The measured return loss is less than 0.21 dB (i.e., VSWR > 82) over the
whole waveguide frequency band. The correspondence between simulated and measured results is
excellent.

Publication [P4] shows a low-loss wideband microwave coaxial bias T designed for millimetre- and
submillimetre-wave mixers to cover a wide range of IF frequencies. The design presented in [73]
was applied here as a coaxial line structure. Low losses, proper matching, and simplicity were the
objectives for the design. The implemented structure is easy to design and fabricate and has an
excellent performance making it competitive with commercial ones. The bias T was tested in the
1-17 GHz frequency range. The insertion loss is less than 0.5 dB at 3-16 GHz (fractional
bandwidth of 137 %). The return loss is more than 20 dB from 4.2 to 15 GHz and more than 30 dB
from 5.2 to 14.1 GHz. In the latter range, the insertion loss is about 0.1 dB. The measured RF
isolation is more than 30 dB over the whole measurement frequency band.
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Publication [P5] describes the design, construction, and measurement of a millimetre-wave
subharmonic waveguide mixer based on European quasi-vertical Schottky diodes. The aim of this
study was to test the suitability of these diodes for millimetre-wave receivers as a part of an
international receiver development program (see Chapter 5). This mixer worked as one qualification
step in this development. It applied a diode chip with a pair of anti-parallel quasi-vertical diodes. To
obtain a proper matching for the diodes, the mixer has a four-tuner structure [78]. The diode was
flip-chip soldered on a quartz circuit. Mixer circuits were designed using a circuit and structure
simulator. The mixer was tested at an RF frequency of 215 GHz using a WR-10 InP Gunn oscillator
as the LO source. Satisfactory results, an SSB noise temperature of 3500 K and conversion loss of
9.2 dB with an LO power of 3.5 mW, were obtained. The performance of the mixer and experiences
attained in the study showed that the quasi-vertical diodes are suitable for sensitive millimetre- and
submillimetre-wave applications with further improvement of the diode structure and fabrication
process.

Publication [P6] shows the design of a wide-band submillimetre-wave fifth-harmonic waveguide
mixer. It was designed for the instrumentation of a submillimetre-wave hologram-based compact
antenna test range. The mixer uses two planar single-diode chips in a balanced type of
configuration. It applies an InP Gunn oscillator as the LO source at a frequency range of 100-140
GHz enabling an operational RF frequency of 500-700 GHz. The novel waveguide-to-CPW
transition [P1] is used in the LO waveguide. The mixer block is compact comprising an integrated
diagonal horn antenna and no waveguide tuners. This enables good usability in the antenna test
system. The measurements have shown a conversion loss of less than 30 dB at 650 GHz with an LO
power of about 10 mW. The loss value is low for a fifth-harmonic mixer operating at these
frequencies. The mixer is currently being used for phase locking of a submillimetre-wave backward
wave oscillator.

Publication [P7] describes a procedure for characterisation of millimetre-wave planar diode chips.
The procedure is based on dc-characteristics, capacitance, and wide-band (up to 220 GHz) S-
parameter measurements and parameter extraction from the measurement results. Diode chips,
varactors and mixer diodes, fabricated by TUD have been used as the first test items. The S-
parameter measurements are carried out on the diode chips mounted on quartz CPW test beds.
Calibration of the test system is done with TRL calibration elements made on the same substrate.
The S-parameter data are obtained for several different bias voltages and currents. As the output of
the procedure, parameters of a simple diode equivalent circuit and results of extensive
measurements are available for designers for further use. The results have been analysed to make
qualitative conclusions of the fabrication process of the tested diodes.
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8 Conclusions

This thesis work is based on seven scientific articles covering different millimetre- and
submillimetre-wave receiver front-end circuits and components. As a result of the work, new circuit
structures are available for millimetre wave designers to construct devices with improved
performance, easier designing, easier fabrication, better reliability, or with possibility for new
circuit implementations.

Two new waveguide-to-CPW transitions have been invented and developed. By designing and
testing X-band transitions, these structures have shown to have a low-loss performance over a wide
band (fractional bandwidth of > 40 %). These are new practical alternatives for future applications.
Due to their simple design, unilateral circuit, and easy fabrication, they are suitable for integration
of MMIC designs with waveguide systems. One transition has already been applied in a
submillimetre-wave mixer.

For tuning of waveguide devices, a new adjustable waveguide backshort has been invented and
developed. It has a performance competitive with the best ones published. It offers several
advantages for millimetre- and submillimetre-wave devices: low losses, large bandwidth, most
accurate adjustment, easy design and fabrication, reliability, and insensitivity for alignment errors.

A stand-alone, coaxial line-based bias T has been designed, constructed, and measured. It provides
a wide-band, low-loss performance suitable for, e.g., mixer IF outputs.

Two Schottky diode waveguide mixers have been designed, constructed, and measured. One of
these is a subharmonic millimetre-wave mixer at 215 GHz utilising European quasi-vertical
Schottky diodes. During the project this work has produced valuable information for the diode
manufacturer and has shown the ability of these diodes for high-frequency applications. The other
mixer is a fifth-harmonic submillimetre-wave mixer, which has been designed for instrumentation
used in antenna test facilities at 500-700 GHz. It was designed to offer an easy usage in the antenna
test system. It has been in use in a phase locking system of a backward wave oscillator.

A planar diode chip characterisation procedure has been developed and tested. The procedure
provides millimetre wave designers with the results of a variety of extensive measurements together
with the parameter values of a simple equivalent diode circuit.

Future research topics are the development of a stand-alone waveguide impedance tuner based on
two backshorts invented here, testing of the Sth-harmonic mixer at a wider frequency range,
extraction of a more specific diode model from the characterisation results, characterisation of low-
series resistance varactors, application of the backshort and characterised diodes in construction of a
submillimetre-wave mixer, and construction of a microelectromechanical systems-based waveguide
impedance tuner with the invented transitions.

32



33



References

(1]

(2]

[3]

(4]

(5]

[6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

D. Porterfield, J. Hesler, T. Crowe, W. Bishop, and D. Woolard, “Integrated terahertz transmit
/ receive modules,” in Proc. 34th European Microwave Conference, 2003, pp. 1319-1322.

T. H. Oxley, “50 years development of the microwave mixer for heterodyne reception,” I[EEE
Transactions on Microwave Theory and Techniques, vol. 50, no. 3, pp. 867—876, Mar. 2002.

K. Hui, J. L. Hesler, D. S. Kurtz, W. L. Bishop, and T. W. Crowe, “A micromachined 585
GHz Schottky mixer,” IEEE Microwave and Guided Wave Letters, vol. 10, no. 9, pp.
374-376, Sep. 2000.

H. J. Siweris, A. Werthof, H. Tischer, T. Grave, H. Werthmann, R. H. Rasshofer, and W.
Kellner, “A mixed Si and GaAs chip set for millimetre-wave automotive radar front-ends,” in
IEEE Radio Frequency Integrated Circuits Symp. Dig., 2000, pp. 191-194.

P. H. Siegel, R. P. Smith, M. C. Gaidis, and S. C. Martin, “2.5-THz GaAs monolithic
membrane-diode mixer,” IEEE Transactions on Microwave Theory and Techniques, vol. 47,
no. 5, pp. 596-604, May 1999.

I. Mehdi, S. M. Marazita, D. A. Humphrey, T.-H. Lee, R. J. Dengler, J. E. Oswald, A. J.
Pease, S. C. Martin, W. L. Bishop, T. W. Crowe, and P. H. Siegel, “Improved 240-GHz
subharmonically pumped planar Schottky diode mixers for space-borne applications,” IEEE

Transactions on Microwave Theory and Techniques, vol. 46, no. 12, pp. 2036-2042, Dec.
1998.

I. Mehdi, P. H. Siegel, D. A. Humphrey, T.-H. Lee, R. J. Dengler, J. E. Oswald, A. Pease, R.
Lin, H. Eisele, R. Zimmermann, and N. Erickson, “An all solid-state 640 GHz subharmonic
mixer,” in IEEE MTT-S Int. Microwave Symp. Dig., 1998, pp. 403—-406.

J. L. Hesler, W. R. Hall, T. W. Crowe, R. M. Weikle, B. S. Deaver, Jr., R. F. Bradley, and S.-
K. Pan, “Fixed-tuned submillimeter wavelength waveguide mixers using planar Schottky-
barrier diodes,” IEEE Transactions on Microwave Theory and Techniques, vol. 45, no. 5, pp.
653—-658, May 1997.

I. Mehdi, S. C. Martin, R. J. Dengler, R. P. Smith, and P. H. Siegel, “Fabrication and
performance of planar Schottky diodes with T-gate-like anodes in 200-GHz subharmonically

pumped waveguide mixers,” I[EEE Microwave and Guided Wave Letters, vol. 6, no. 1, pp.
49-51, Jan. 1996.

T.-H. Lee, D. A. Humphrey, R. J. Dengler, I. Mehdi, S. C. Martin, A. Pease, J. E. Oswald, R.
P. Smith, and P. H. Siegel, “Fabrication and performance of separately-biasable antiparallel-
pair “T-anode” mixer diodes employing a compact multiple-layer integrated bias circuit at
210 GHz,” in IEEE MTT-S Int. Microwave Symp. Dig., 1996, pp. 381-384.

I. Mehdi, T. Lee, R. Dengler, A. Pease, K. Oswald, D. Humphrey, S. Martin, R. P. Smith, and
P. H. Siegel, “200 GHz waveguide based subharmonically-pumped mixers with planar

Schottky diodes,” in Proc. Seventh Int. Symp. on Space Terahertz Technology, 1996, pp.
450-461.

I. Galin, “A mixer up to 300 GHz with whiskerless Schottky diodes for spaceborne
radiometers,” in Proc. Seventh Int. Symp. on Space Terahertz Technology, 1996, pp. 474-476.

A. V. Riisédnen, R. J. Dengler, I. Mehdi, J. E. Oswald, D. Choudhury, and P. H. Siegel,
“Subharmonic mixer with planar Schottky diodes in a novel split-block at 200-240 GHz,” in
IEEE MTT-S Int. Microwave Symp. Dig., 1994, pp. 775-7717.

34



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

O. P. Koistinen, H. T. Valmu, A. Réisdnen, V. F. Vdovin, Y. A. Dryagin, and I. V. Lapkin,
“A 110 GHz ozone radiometer with a cryogenic planar Schottky mixer,” IEEE Transactions
on Microwave Theory and Techniques, vol. 41, no. 12, pp. 2232—-2236, Dec. 1993.

P. H. Siegel, R. J. Dengler, I. Mehdi, J. E. Oswald, W. L. Bishop, T. W. Crowe, and R. J.
Mattauch, “Measurements on a 215-GHz subharmonically pumped waveguide mixer using
planar back-to-back air-bridge Schottky diodes,” IEEE Transactions on Microwave Theory
and Techniques, vol. 41, no. 11, pp. 1913—-1920, Nov. 1993.

J.-M. Dieudonné, B. Adelseck, K.-E. Schmegner, R. Rittmeyer, and A. Colquhoun,
“Technology related design of monolithic millimetre-wave Schottky diode mixers,” IEEE

Transactions on Microwave Theory and Techniques, vol. 40, no. 7, pp. 1466—1474, July
1992.

A. Maestrini, J. Ward, J. Gill, H. Javadi, E. Schlecht, G. Chattopadhyay, F. Maiwald, N.
Erickson, and 1. Mehdi, “A 1.7-1.9 THz local oscillator source,” IEEE Microwave and
Wireless Components Letters, vol. 14, no. 6, pp. 253-255, June 2004.

C.-Y. E. Tong, D. Meledin, D. Loudkov, R. Blundell, N. Erickson, J. Kawamura, I. Mehdi,
and G. Golt’sman, “A 1.5 THz hot-electron bolometer mixer operated by a planar diode based
local oscillator,” in IEEE MTT-S Int. Microwave Symp. Dig., 2003, pp. 751-754.

A. Maestrini, J. Ward, J. Gill, G. Chattopadhyay, F. Maiwald, K. Ellis, H. Javadi, and L
Mehdi, “A planar-diode frequency tripler at 1.9 THz,” in IEEE MTT-S Int. Microwave Symp.
Dig., 2003, pp. 747-750.

G. Chattopadhyay, E. Schlecht, J. Gill, S. Martin, A. Maestrini, D. Pukala, F. Maiwald, and 1.
Mehdi, “A broadband 800 GHz Schottky balanced doubler,” IEEE Microwave and Wireless
Components Letters, vol. 12, no. 4, pp. 117-118, Apr. 2002.

H. Wang, L. Samoska, T. Gaier, A. Peralta, H.-H. Liao, Y. C. Leong, S. Weinreb, Y. C. Chen,
M. Nishimoto, and R. Lai, “Power-amplifier modules covering 70-113 GHz using MMICs,”
IEEE Transactions on Microwave Theory and Techniques, vol. 49, no. 1, pp. 9-16, Jan. 2001.

A. Maestrini, J. Bruston, D. Pukala, S. Martin, and I. Mehdi, “Performance of a 1.2 THz
frequency tripler using a GaAs frameless membrane monolithic circuit,” in IEEE MTT-S Int.
Microwave Symp. Dig., 2001, pp. 1657-1660.

J. W. Archer, R. Lai, and R. Gough, “Ultra-low-noise indium-phosphide MMIC amplifiers for
85—-115 GHz,” IEEE Transactions on Microwave Theory and Techniques, vol. 49, no. 11, pp.
2080-2085, Nov. 2001.

J. W. Archer, R. Lai, R. Grundbacher, M. Barsky, R. Tsai, and P. Reid, “An indium
phosphide MMIC amplifier for 180-205 GHz,” IEEE Transactions on Microwave Theory
and Techniques, vol. 49, no. 11, pp. 2080-2085, Jan. 2001.

R. Raja, M. Nishimoto, B. Osgood, M. Barsky, M. Sholley, R. Quon, G. Barber, P. Liu, R.
Lai, F. Hinte, G. Haviland, and B. Vacek, “A 183 GHz low noise amplifier module with 5.5

dB noise figure for the conical-scanning microwave image sounder (CMIS) program,” in
IEEE MTT-S Int. Microwave Symp. Dig., 2001, pp. 1955-1958.

P. Kangaslahti, T. Gaier, D. Dawson, J. Tuovinen, T. Karttaavi, M. Lahdes, N. J. Hughes, T.
L. Cong, P. Jukkala, P. Sjoman, and S. Weinreb, “Low noise amplifiers in InP technology for

pseudo correlating millimetre wave radiometer,” in I[EEE MTT-S Int. Microwave Symp. Dig.,
2001, pp. 1959-1962.

M. W. Pospieszalski, E. J. Wollack, N. Bailey, D. Thacker, J. Webber, L. D. Nguyen, M. Le,
and M. Lui, “Design and performance of wideband, low-noise, millimetre-wave amplifiers for

35



(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

microwave anisotropy probe radiometers,” in I[EEE MTT-S Int. Microwave Symp. Dig., 2000,
pp- 25-28.

Y. L. Kok, H. Wang, T. W. Huang, R. Lai, M. Barsky, Y. C. Chen, M. Sholley, T. Block, D.
C. Streit, P. H. Liu, B. R. Allen, L. Samoska, and T. Gaier, “160-190-GHz monolithic low-

noise amplifiers,” IEEE Microwave and Guided Wave Letters, vol. 9, no. 8, pp. 311-313,
Aug. 1999.

S. Weinreb, T. Gaier, R. Lai, M. Barsky, Y. C. Leong, and L. Samoska, “High-gain 150-215-
GHz MMIC amplifier with integral waveguide transitions,” IEEE Microwave and Guided
Wave Letters, vol. 9, no. 7, pp. 282-284, July 1999.

C. Risacher, V. Vassilev, A. Pavolotsky, and V. Belitsky, “Waveguide-to-microstrip
transition with integrated bias-T,” IEEE Microwave and Wireless Components Letters, vol.
13, no. 7, pp. 262-264, July 2003.

K. W. Kim, C.-H. Na, and D.-S. Woo, “New dielectric-covered waveguide-to-microstrip
transitions for Ka-band transceivers,” in IEEE MTT-S Int. Microwave Symp. Dig., 2003, pp.
1115-1118.

Y.-C. Leong and S. Weinreb, “Full band waveguide-to-microstrip probe transitions,” in /[EEE
MTT-S Int. Microwave Symp. Dig., 1999, pp. 1435—-1438.

S. C. Shi and J. Inatani, “A waveguide-to-microstrip transition with a DC/IF return path and
an offset probe,” IEEE Transactions on Microwave Theory and Techniques, vol. 45, no. 3, pp.
442-446, Mar. 1997.

Y.-C. Shih, T.-N. Ton, and L. Q. Bui, “Waveguide-to-microstrip transitions for millimetre-
wave applications,” in IEEE MTT-S Int. Microwave Symp. Dig., 1988, pp. 473-475.

R. H. Knerr, “A new type of waveguide-to-stripline transition,” /[EEE Transactions on
Microwave Theory and Techniques, pp. 192—194, Mar. 1968.

K. Sakakibara, F. Saito, Y. Yamamoto, N. Inagaki, and N. Kikuma, “Microstrip line to
waveguide transition connecting antenna and backed RF circuits,” in Proc. IEEE Antennas
and Propagation Society Int. Symp., 2003, pp. 958—-961.

K. W. Leung and K. K. So, “Simple and efficient microstrip-to-waveguide transition,”
Electronics Letters, vol. 38, no. 6, pp. 280-281, Mar. 2002.

L. Hyvonen and A. Hujanen, “A compact MMIC-compatible microstrip to waveguide
transition,” in [EEE MTT-S Int. Microwave Symp. Dig., 1996, pp. 875—878.

D. M. Pozar, “Aperture coupled waveguide feeds for microstrip antennas and microstrip
couplers,” in IEEE Antennas and Propagation Society Int. Symp. Dig., 1996, pp. 700-703.

W. Grabherr, B. Huder, and W. Menzel “Microstrip to waveguide transition compatible with
mm-wave integrated circuits,” IEEE Transactions on Microwave Theory and Techniques, vol.
42, no. 9, pp. 1842—-1843, Mar. 1994.

C.-J. Lee, H.-S. Wu, and C.-K. C. Tzuang, “A broadband microstrip-to-waveguide transition
using planar technique,” in Proc. 2001 Asia-Pacific Microwave Conference, 2001, pp.
543-546.

N. Kaneda, Y. Qian, and T. Itoh, “A broad-band microstrip-to-waveguide transition using
quasi-yagi antenna,” IEEE Transactions on Microwave Theory and Techniques, vol. 47, no.
12, pp. 2562-2567, Dec. 1999.

J. H. C. van Heuven, “A new integrated waveguide-microstrip transition,” IEEE Transactions
on Microwave Theory and Techniques, pp. 144—147, Mar. 1976.

36



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

B. Bhat and S. K. Koul, Analysis, Design and Applications of Fin Lines, Artech House, Inc.,
Norwood, MA, 1987, 475 p.

J. P. Becker, Y. Lee, J. R. East, and L. P. B. Katehi, “A finite ground coplanar line-to-silicon
micromachined waveguide transition,” IEEE Transactions on Microwave Theory and
Techniques, vol. 49, no. 10, pp. 1671-1676, Mar. 2001.

J. P. Becker, Y. Lee, J. R. East, and L. P. B. Katehi, “A fully packaged finite-ground coplanar
line-to-micromachined waveguide transition,” in Proc. IEEE Conference on Electrical
Performance of Electronic Packaging, 2000, pp. 273-276.

R. F. Bradley, “The application of planar monolithic technology to Schottky varactor
millimeter-wave frequency multipliers,” Dissertation for the degree of Doctor of Philosophy
in Electrical Engineering, University of Virginia, 1992, 382 p.

W. Simon, M. Werthen, and 1. Wolff, “A novel coplanar transmission line to rectangular
waveguide transition,” in [EEE MTT-S Int. Microwave Symp. Dig., 1998, pp. 257-260.

G. C. Dalman, “New waveguide-to-coplanar waveguide transition for centimetre and
millimetre wave applications,” Electronics Letters, vol. 26, no. 13, pp. 830—831, June 1990.

G. E. Ponchak and R. N. Simons, “A new rectangular waveguide to coplanar waveguide
transition,” in IEEE MTT-S Int. Microwave Symp. Dig., 1990, pp. 491-492.

A. Takacs, D. Lillonga, H. Aubert, J. W. Tao, R. Crampagne, R. Plana, P. Pons, and J. Ch.
Cayrou, “Design of a novel broadband CPWG-to-WR transition for Ka-band satellite
communications,” in Proc. Int. Semiconductor Conference, 2003, pp. 69-72.

E. M. Godshalk, “A V-band wafer probe using ridge-through waveguide,” IEEE Transactions
on Microwave Theory and Techniques, vol. 39, no. 12, pp. 2218-2228, Dec. 1991.

T.-H. Lin and R.-B. Wu, “CPW to waveguide transition with tapered slotline probe,” IEEE
Microwave and Wireless Components Letters, vol. 11, no. 7, pp. 314-316, July 2001.

C.-F. Hung, A.-S. Liu, C.-L. Wang, and R.-B. Wu, “A broadband conductor backed CPW to
waveguide transition realized on high dielectric constant substrate,” in Proc. 2003 Asia-
Pacific Microwave Conference, 2003, pp. 1038—1041.

N. Kaneda, Y. Qian, and T. Itoh, “A broadband CPW-to-waveguide transition using quasi-
Yagi antenna,” in IEEE MTT-S Int. Microwave Symp. Dig., 2000, pp. 617-620.

J. V. Bellantoni, R. C. Compton, and H. M. Levy, “A new W-band coplanar waveguide test
fixture,” in Proc. IEEE MTT-S Int. Microwave Symp. Dig., 1989, pp. 1203—-1204.

D. B. Sillars, “Odd- and even-mode coupled-slot fin-line circuits,” IEE Proceedings, vol. 134,
pt. H, no. 3, pp. 229-233, June 1987.

R. E. Collin, Foundations for Microwave Engineering, New York: McCraw-Hill Book
Company, 1966, 589 p.

R. L. Eisenhart and R. C. Monzello, “A better waveguide short circuit,” in IEEE MTT-S Int.
Microwave Symp. Dig., 1982, pp. 360-362.

W. R. McGrath, “Noncontacting waveguide backshort, ” U.S. Patent 5138289, 1992.

M. K. Brewer and A. V. Riisdnen, “Dual-harmonic noncontacting millimeter waveguide
backshorts: theory, design, and test,” IEEE Trans. Microwave Theory Tech., vol. MTT-30, no.
5, pp. 708714, May 1982.

R. A. Linke and M. V. Schneider, “Millimeter waveguide shorts,” U.S. Patent 4216450, 1980.

37



[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]
[76]
[77]

[78]

[79]

“Sliding short eases measurements,” (anonymous) Microwaves, vol. 9, no. 12, p. 26, Dec.
1970.

A. R. Kerr, “An adjustable short-circuit for millimeter waveguides,” Electronics Division
Internal Report No. 280, National Radio Astronomy Observatory, 1988, p. 26.

W. R. McGrath, T. M. Weller, and L. P. B. Katehi, “A novel noncontacting waveguide
backshort for submillimeter wave frequencies,” Int. J. Infrared and Millimeter Waves, vol. 16,
no. 1, pp. 237-256, 1995.

T. M. Weller, L. P. B. Katehi, and W. R. McGrath, “Analysis and design of a novel
noncontacting waveguide backshort,” IEEE Transactions on Microwave Theory and
Techniques, vol. 43, no. 5, pp. 1023—-1030, May 1995.

B. N. Ellison, L. T. Little, C. M. Mann, and D. N. Matheson, “Quality and performance of
tunable waveguide backshorts,” Electronics Letters, vol. 27, no. 2, pp. 139-141, Jan. 1991.

T. Newman and K. T. Ng, “Planar noncontacting short circuits for millimetre-wave and
submillimeter-wave applications,” IEEE Microwave and Guided Wave Letters, vol. 2, no. 10,
pp. 412—414, Oct. 1992.

C. R. Predmore, A. V. Riisdnen, N. R. Erikcson, P. F. Goldsmith, and J. L. R. Marrero, “A
broad-band, ultra-low-noise Schottky diode mixer receiver from 80 to 115 GHz,” IEEE

Transactions on Microwave Theory and Techniques, vol. MTT-32, no. 5, pp. 498—-507, May
1984.

J. W. Archer, “All solid-state low-noise receivers for 210-240 GHz,” IEEE Transactions on
Microwave Theory and Techniques, vol. MTT-30, no. 8, pp. 1247-1252, Aug. 1982.

W. Hant, “Short millimeter wavelength mixer with low local oscillator power,” IEEE

Transactions on Microwave Theory and Techniques, vol. MTT-33, no. 2, pp. 135—-142, Feb.
1985.

M. M. Mosso, T. Gornsztejn, and R. A. A. Lima, “Bias unit for microwave and high speed
fiber optic systems,” in Proc. 1995 SBMO/IEEE MTT-S Int. Microwave and Optoelectronics
Conference, 1995, pp. 681-684.

P. J. Bell, N. Hoivik, V. M. Bright, and Z. Popovi¢, “Micro-bias-tees using micromachined
flip-chip inductors,” in IEEE MTT-S Int. Microwave Symp. Dig., 2003, pp. 491-494.

B. J. Minnis, “Decade bandwidth bias T’s for MIC applications up to 50 GHz,” IEEE
Transactions on Microwave Theory and Techniques, vol. MTT-35, no. 6, pp. 597-600, Nov.
1987.

Bias Tee, Model 5542, Picosecond Pulse Labs, http://www.picosecond.com.
Diodes, Virginia Diodes, Inc., http://www.virginiadiodes.com.

I. Mehdi, M. Mazed, R. Dengler, A. Pease, M. Natzic, and P. H. Siegel, “Planar GaAs
Schottky diodes integrated with quartz substrate circuitry for waveguide subharmonic mixers
at 215 GHz,” in I[EEE MTT-S Int. Microwave Symp. Dig., 1994, pp. 779-782.

S. M. Marazita, W. L. Bishop, J. L. Hesler, K. Hui, W. E. Bowen, and T. W. Crowe,
“Integrated GaAs Schottky mixers by spin-on-dielectric wafer bonding,” IEEE Transactions
on Electron Devices, vol. 47, no. 6, pp. 1152—1157, Jun. 2000.

E. Schlecht, G. Chattopadhyay, A. Maestrini, A. Fung, S. Martin, D. Pukala, J. Burston, and 1.
Mehdi, “200, 400 and 800 GHz Schottky diode “substrateless” multipliers: design and
results,” in IEEE MTT-S Int. Microwave Symp. Dig., 2001, pp. 1649-1652.

38



[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

S. Martin, B. Nakamura, A. Fung, P. Smith, J. Bruston, A. Maestrini, F. Maiwald, P. Siegel,
E. Schlecht, and I. Mehdi, “Fabrication of 200 to 2700 GHz multiplier devices using GaAs
and metal membranes,” in IEEE MTT-S Int. Microwave Symp. Dig., 2001, pp. 1641-1644.

C. M. Mann, D. N. Matheson, M. L. Oldfield, P. J. Koh, T. W. Crowe, W. L. Bishop, R. M.
Weikle, and J. L. Hesler, “A simple micromachining technique for millimetre, submillimetre
and terahertz waveguide cavities,” in Proc. 2nd ESA Workshop on Millimeter Wave
Technology and Applications: Antennas, Circuits and Systems, 1998, pp. 144—-149.

W. Hilberath, J. Mees, A. Simon, C.-I. Lin, A. Lehto, J. Louhi, V. Mottonen, P. Piironen, A.
Riisédnen, J. Zhang, and A. Zhao, “Mm and sub-mm wave open structure integrated receiver

front-end technology development,” Preliminary Design Review, ESTEC/Contract No.
11806/96/NL/CN, 1996, 64 p.

J. Mees, A. Simon, C. Lin, P. Otero, J. Mosig, T. Vaupel, V. Hansen, H. Merkel, E. Kollberg,
P. Piironen, J. Louhi, V. Méttonen, A. Réisidnen, and J. Zhang, “Mm and sub-mm-wave open
structure integrated receiver front-end technology development,” Baseline Design Report,
ESTEC/Contract No. 11806/96/NL/CN, 1998, 183 p.

O. Cojocari, B. Mottet, M. Rodriquez-Girones, S. Biber, L. Marchand, L.-P. Schmidt, and H.
L. Hartnagel, “A new structural approach for uniform sub-micrometer anode metallization of

planar THz Schottky components,” Semicond. Sci. Technol., vol. 19, no. 3, pp. 537-542, Mar.
2004.

A. Simon, A. Griib, V. Krozer, K. Beilenhoff, and H. L. Hartnagel, “Planar THz Schottky
diode based on a quasi vertical structure,” in Proc. 4th Int. Symp. Space Terahertz Technol.,
1993, pp. 392-403.

A. V. Riisidnen, D. Choudhury, R. J. Dengler, J. E. Oswald, and P. H. Siegel, “A novel split-
waveguide mount design for millimeter- and submillimeter-wave frequency multipliers and
harmonic mixers,” IEEE Microwave and Guided Wave Letters, vol. 3, pp. 369-371, Oct.
1993.

O. Cojocari, S. Biber, B. Mottet, C. Sydlo, H.-L. Hartnagel, and L.-P. Schmidt, “IF-noise
improvement of the GaAs Schottky diodes for THz-frequency mixer applications,” in /2th
GAAS Symp. Dig., 2004, pp. 211-214.

Y. Sato, T. Suzuki, and K. Mizuno, “Quasi-optically coupled harmonic mixer in the
submillimeter wave region,” in [988 Conference on Precision Electromagnetic
Measurements Dig., 1998, pp. 363-364.

K. Schmidt von Behren, D. Pienkowski, T. Mueller, M. Tempel, and G. Boeck, “77 GHz
harmonic mixer with flip-chip Si-Schottky diode,” in Proc. I14th Int. Conference on
Microwaves, Radar and Wireless Communications, 2002, pp. 743-746.

W. Zhao, C. Schollhorn, E. Kasper, and C. Rheinfelder, “38GHz coplanar harmonic mixer on

silicon,” in 2001 Topical Meeting on Silicon Monolithic Integrated Circuits in RF Systems
Dig., 2001, pp. 138—141.

B. K. Kormanyos and G. M. Rebeiz, “A 30-180 GHz harmonic mixer-receiver,” in I[EEE
MTT-S Int. Microwave Symp. Dig., 1992, pp. 341-344.

W.-Y. Uhm, W.-S. Sul, H.-J. Han, S.-C. Kim, H.-S. Lee, D. An, S.-D. Kim, D.-H. Shin, H.-
M. Park, and J.-K. Rhee, “A high performance V-band monolithic quadruple sub-harmonic
mixer,” in IEEE MTT-S Int. Microwave Symp. Dig., 2003, pp. 1319-1322.

A.V. Riisidnen, J. Ala-Laurinaho, T. Koskinen, A. Lonnqvist, J. Séily, J. Hikli, J. Mallat, V.
Viikari, S. Ranvier, and J. Tuovinen, “Computer-generated hologram and its use for submm-

39



[94]

[95]

[96]

[97]

[98]

[99]

wave antenna measurement,” in Proc. IEEE Aerospace Conference, 2004, CD-ROM, ISBN:
0-7803-8156-4.

T. Koskinen, J. Ala-Laurinaho, and A.V. Réisidnen, “Feasibility study of a hologram based
compact antenna test range for 650 GHz,” in Proc. Annual Antenna Measurement Techniques
Association (AMTA) Meeting & Symposium, 2004, pp. 232-237.

Quasi-optical Harmonic  Mixer, Model CHM-2, Farran Technology Ltd.,
http://www.farran.com.

J. L. Hesler, “Planar Schottky diodes in submillimeter-wavelength waveguide receivers,”
Dissertation for the degree of Doctor of Philosophy in Electrical Engineering, University of
Virginia, 1996, 173 p.

J. McSpadden, T. Yoo, and K. Chang, “Diode characterization in a microstrip measurement
system for high power microwave power transmission,” in IEEE MTT-S Int. Microwave
Symp. Dig., 1992, pp. 1015-1018.

D. Q. Xu and G. R. Branner, “An efficient technique for varactor diode characterization,” in
Proc. 40th Midwest Symp. Circuits and Systems, 1997, pp. 591-594.

S. Lucyszyn, G. Green, and I. D. Robertson, “Accurate millimetre-wave large signal modeling
of planar Schottky varactor diodes,” in IEEE MTT-S Int. Microwave Symp. Dig., 1992, pp.
259-262.

[100]J. F. White and S. J. Parisi, “Measuring beam leaded diodes nondestructively,” IEEE

Transactions on Microwave Theory and Techniques, vol. MTT-35, no. 12, pp. 1414-1418,
Dec. 1987.

[101] D. E. Root, M. Pirola, S. Fan, W. J. Anklam, and A. Cognata, “Measurement-based large-

signal diode modeling system for circuit and device design,” IEEE Transactions on
Microwave Theory and Techniques, vol. 41, no. 12, pp. 2211-2217, Dec. 1993.

[102]J. Stake and H. Grongvist, “An on-wafer method for C-V characterization of heterostructure

diodes,” Microwave and Optical Technology Letters, vol. 9, no. 2, pp. 63—66, Jun. 1995.

40





